We study the prospects of observing the presence of a relatively light Elko particle as a possible dark matter candidate, by pointing out a typical signature for the process encompassing the Elko non-locality, exploring some consequences of the unusual Elko propagator behavior when analyzed outside the Elko axis of propagation. We also consider the production of a light Elko associated to missing energy and isolated leptons at the LHC, with center of mass energy of 7 and 14 TeV and total luminosity from 1f b −1 to 10f b −1 . Basically, the Elko non locality engenders a peculiar signal in the missing energy turning it sensible to the angle of detection.
interaction 1 . In this vein, such spinor field may act as a dark matter candidate.
Another interesting feature about Elko is its non-locality. Elko spinor fields do not belongs to a standard Wigner's class [5] . It was demonstrated, however, that Elko breaks Lorentz symmetry (in a subtle way) by containing a preferred direction [6] . It is worth to note that the existence of a preferred direction -the so-called 'axis of evil' -(as well as a self interaction) is believed to be a property of dark matter [7] . We also remark, for completeness, that the quantum field associated to the Elko spinor is now better understood in the scope of Very Special Relativity (VSR) framework [8] . In fact, it is possible to describe, or construct, Elko spinor fields as the spinor representation of SIM (2) subgroup of VSR [9] . In this vein, since SIM (2) is the largest subgroup of VSR encompassing all the necessary physical symmetries except some (violated) discrete symmetry, the tension between Elko and Lorentz symmetries disappears.
On the other hand, it is well known that accelerators will test, in a incontestable way, theories in the scope of physics beyond the Standard Model as well as shed some light to the mass generation problem [10] [11] [12] [13] . Candidates of dark matter predicted in particle physics theories, like supersymmetry, are on the focus of such studies and the answers will provide additional information for a deeper level of our understanding on astrophysics and cosmology. In such way, the CERN Large Hadron Collider (LHC) results are fundamental for any study connecting high energy physics and astrophysics/cosmology. The LHC will provide center-of-mass energy enough to probe directly the weak scale and the origin of mass. Therefore, since we still have the open question of the dark matter nature, it is possible the study of the origin of mass as well as the candidate to the dark matter in the search of Elko. In considering some specific process for Elko production, radiative corrections must be taken into account. In this case, as we will see, the Elko non-locality is manifest leading to an exclusive output in the final signature. At phenomenological grounds, such a behavior suggests a different analysis for the search of Elko at accelerators. So, we consider in some detail a tree level process (where the non-locality is absent) concerning to the Elko production at the LHC, whose signature is µ + + µ − + 2ς. Such process includes the quartic self-interaction and a coupling with the Higgs scalar field. This paper is organized as follows: In the next Section we introduce some formal aspects of the Elko spinor fields calling attention to the main characteristics that will be relevant in the subsequent analysis. In the Section III we explore the Elko non-locality, when considering radiative corrections.
In the Section IV we analyze the tree level case of a viable cross-section for Elko production at the LHC. Then, we move forward investigating some peculiar aspects of our signal. In the last Section we conclude.
II. ELKO SPINOR FIELDS
In this Section we briefly introduce the main aspects concerning the construction of Elko spinor fields. Its formal structure may be outlined as follows. Let C be the charge conjugation operator given, in Weyl realization, by
being K the operator that complex conjugate a spinor which appears on its right and σ 2 the usual Pauli matrix. The Elko spinor, λ(p), is defined by
where plus sign yields self-conjugate spinors λ S (p) and minus anti self-conjugate spinors λ A (p) .
In the above equation φ L (p) transform as a left handed (Weyl) spinor, hence σ 2 φ * L (p) transform as a right handed spinor. In this vein, Elko spinor belongs to the (
2 ) representation space. Now, let us set the explicit form of Elko, in the rest frame 2 (p = 0). In order achieve the formal profile of Elko, one may look at the helicity equation (σ ·p)φ ± (0) = ±φ ± (0). Takinĝ p = (sinθ cosφ, sinθ sinφ, cosθ) we arrive at four spinors, following the standard notation, given by
with phases adopted such that
We remark that
0) present opposite helicities and, hence, Elko carries both helicities. Another important formal aspect of Elko spinor fields is its dual spinor. In order to guarantee an invariant real norm, being positive definite for two Elko spinor fields and negative definite norm for the other two, the dual for Elko is defined by
With such a definition for the Elko dual, one arrives at the following spin sums [1] 
where G(φ) is given by [6] 
and the gamma matrices are
being γ 5 = −iγ 0 γ 1 γ 2 γ 3 . Spin sums entering in a profound level into the local structure, as well as the statistic, of the theory. It is important to note that the right-hand side of Eqs. (8) is not proportional (or unitary connected) to the momentum operators 3 . Therefore the relations (8) are responsible for the peculiar characteristics of Elko locality structure, as well as its breaking of Lorentz invariance. Such peculiarity, obviously, brings important modifications in the S-matrix calculations (see next Section).
After studying the formal structure of Elko spinor fields, we shall examine the quantum field associated to such spinor. It is possible to define an Elko-based quantum field, respecting its formal properties, by
being c † α (p) and c α (p) the creation and annihilation operators, respectively, satisfying the fermionic anticommutation relations
The Elko dual ¬ η is obtained by replacing λ by its dual, c by c † and ip µ x µ by −ip µ x µ (and viceversa). There is a crucial identity obeyed by Elko, given by the application of the γ µ p µ operator to
where ε {−,+} {+,−} := −1 and δ β α is the usual Kronecker symbol. In view of (the simply algebraic) Eq.
(14) it turns out that Elko satisfy the Klein-Gordon (not Dirac) equation and, therefore, it must be associated to a Klein-Gordon-like Lagrangian:
As already mentioned in the Introduction, we shall study the coupling between Elko and Higgs fields, since it is the unique renormalizable (perturbatively) Elko coupling. Therefore, in the next Section we shall explore the features of the (15) lagrangian, plus the interaction given by
In this work, and consequently to obtain the Feynman rules relevant to it (see Ref. [15] ), our object of study is (15) and (16) added with the usual kinetic and interaction terms for the Higgs boson, the Z vector field and summing over all the quarks in the theory, as they appear in the Standard Model after symmetry breaking.
As a last remark we emphasize that, in general, Eqs. (8) and (9) suggest that there is a preferred axis for Elko. In fact, it is possible to show that Elko enjoy locality in the direction perpendicular to its plane [6] , or, equivalently, along the preferred axisẑ e . Let us give an example coming from the canonical structure of Elko fields in order to clarify this point. The canonical conjugate momenta to the Elko fields are given by
where L KG stands for a Klein-Gordon-like Lagrangian. The equal time anticommutator for η(x) and its conjugate momentum is
which, in the light of the spin sums, may be recast in the following form
The existence of a preferred axis is now evident, since the second integral in the right-hand side Eq. (19) vanishes along theẑ e . So, this preferred axis may be understood as an axis of locality.
III. EXPLORING ELKO NON-LOCALITY
According to its typical Lagrangian Elko spinor fields couples only to the Higgs boson and, hence, any production mechanism of such particle must occur via Higgs production or decay process. A very specific feature of Elko production is its non locality, encoded in the propagator behavior which has a different form (the G(φ) term appears explicitly) when computed outside its axis of propagation. In order to explore a little further this effect, let us consider for instance the first graph of a cascade production of Elko particles (Fig. (1) ).
If one chooses to compute (or measure) such a higher order process in the same plane where the intermediary Elko is propagating, the amplitude reads
Otherwise, there is also in the amplitude the presence of the G(φ) term
The divergence appearing in the above amplitude was treated via Pauli-Villars regularization, subtracted this amplitude from its value at q 1 = q 2 = 0. The result is given by Computing the traces (where E 1 and E 2 are, respectively q 1 and q 2 particle energies) the average spin squared sum is
Note that if one lies on the p 4 + q 1 + q 2 direction the obtained result is divided by two. Since the decay rate is proportional to the average spin squared amplitude integrated over the four-body phase space, the Elko particle decay in a preferred axis. Besides, the decay process in such a channel is one half lower than in any other direction.
The above considerations lead to an important result: if the cut applied on φ includes the intermediary Elko propagation axis, the measured decay is lower than any other cut in which this specific direction is not included. Therefore it breaks φ isotropy which is, obviously, fully observed in all Standard Model particles. Such a process makes then manifest the Elko non locality, giving also a clue for its signature. We should also note another feature in this production, as reflect of momentum conservation, represented in Fig. (2) . An increase in the Elko production, in a preferred direction, should implicate a decrease of the remain particles final momentum in the same direction (as a missing energy in the detector), reflecting in a complementary angular distribution, when compared with its possible background. Figure 2 : Kinematics of Elko production.
IV. TREE LEVEL CASE
For tree level calculations, the non-locality effect is not manifest, and the study of possible signals of Elko decay at accelerators is addressed to the standard searching. For this purposes, we have considered the case where Elko can be produced at the LHC through the Higgs boson fusion, via quartic coupling as depicted in Fig. (3) . In both cases (Higgs production or decay process), however, the production is suppressed according to the value of the coupling constant, leaving the number of events and the signature of the decay expressed as a function of two fundamental parameters of the model: the Elko mass and the Elko-Higgs boson coupling constant, which will be taken as less than or equal to one, in order to ensure renormalizability. At the LHC, signatures with leptons as a final state are preferred, specially muons, whose background can be calculated directly from the Standard Model. Besides, the identification of muons are well given as, for example, at CMS technical proposal. In this vein, we will be focused in a two muons + Elko signal, according to the process illustrated in the graph (Fig. (3) ). In this case the process is q +q → µ + + µ − + 2ς , where 2ς stands for the two Elko particles with mass m ς produced in the threshold were they will be on rest in the CoM frame. We do not considered here the direct production of two Higgs from Elko fusion, since the Higgs boson is, indeed, the key block to be detected at the LHC. We have fixed the Higgs mass boson in the experimental limit [14] and also considered jets with high energy and momentum. In such case, they will emerge almost collinear with the beam. The interaction rate is proportional to the cross section calculated as follow:
We shall label p A = x A P A and p B = x B P B , respectively, as the momentum for the quark and anti-quark, related to the initial protons P A,B and the muons with momentum p 1 and p 2 . The amplitude is given by:
following the conventions of Ref. [15] , where the factors for quarks reads
On partonic CoM reference frame and p A = p B = p 1 = p 2 ≈ 0 we can set
where q = √ŝ .
Looking at Fig. (4) we can identify
as the denominators for the function to be integrated. In order to use the functions well established (OneLoop2Pt) on xloops package [16] we need to reduce the number of functions on denominator (23), using Feynman trick,
where x integration was performed with Maple using of the approximation where m ς / √ŝ ≈ 0.
Obviously, such an approximation in the Elko mass is largely justified in order to guarantee Elko spinor fields as a dark matter candidate. This choice restrict the experimental analysis to events with low energy QCD jets in its final state, since almost all momentum is transferred to the initial partons, providing a signature for the Elko production. One can expect a missing energy on detectors, due to the fact that Elko particles will be unobserved by detectors and the only impact in its production is reduce the final µ + + µ − quadrimomentum. With this expression at hands, it is necessary to multiply by its conjugate and perform the respective polarization sums (8) , taking into account, obviously, the terms G(φ) responsible for the non-locality outsideẑ axis. Is straightforward to perform those traces for Elko polarization sums using the Elko dual definitions and the spin sums
where {−,+} {+,−} = − {+,−} {−,+} = −1. After squaring, taking traces and averaging over the spin of the initial and final particles (we approximate the masses for quarks and muons to zero), we should obtain r,r s,s ,Ω,Λ |M| 2 . One could use it to calculate
where dP S is the phase space for two muons with momentum p 1 and p 2 and two Elkos with mass m ς on rest, i. e.,
where |p 1 | dp 1 = E 1 dE 1 , being E 1 = √ŝ /2 − m ς . We emphasize that we are working within m ς ≈ 0 approximation. We also stress that dσ has no dependence on angular coordinates, so the integration on dΩ gives a multiplicative factor 4π for the total cross section. Our final result, however, is to much huge to be presented here.
On the hadronic frame,
and we will integrate using Cuba routines [17] 
With the hadronic total cross section at hands, it is straightforward to obtain the event rate R by multiplying σ by the integrated luminosity L, estimated in 1f b −1 and 10f b −1 .
The results of the studied process are presented in Fig. (5) . We show the total expected event rate for 2 Elkos + µ + µ− via the Higgs boson fusion, at the LHC, for two different values of the center-of-mass energy, as well as two different values for the total luminosity. The total number of events is presented as a function of the Elko mass. The main case we consider, with total luminosity of 10f b −1 , at 7 TeV, for a coupling constant of an order of 1 shows a quite optimistic number of events, around a thousand. For a smaller coupling constant, O(10 −2 ), the number of events is also large. In this sense, we can consider the LHC, for instance, as a good scenario to study both, the Higgs boson and the Elko production in order to shed some light to the dark matter problem. For a 14 TeV center-of-mass energy case, in both 1f b −1 and 10f b −1 cases, the total number of events produced at the LHC is even bigger, for the different values of the coupling constant. By now, since the number of events is encouraging, we shall keep our attention in the exploration of a typical signature encoding the Elko non-locality.
V. DETECTION POSSIBILITY AT LHC
Even though the decay in the preferred axis is estimated as one half lower than in any other direction, a poor detector angular resolution on this decay will smear out this effect, either due to The range for mass was chosen to guarantee the fact that the Elko can be a possible candidate for dark matter [1] . We have considered two values for λ ς , namely, 1 and
the detector tracking, or due to the poor event reconstruction. Therefore it is mandatory to make an estimation of the minimum angular resolution requirement to detect this effect. At the LHC, the minimum angular resolution at, e.g., the CMS detector ∆φ res = 10 mrad [18] . The relative significance on this interval for an integrated luminosity L, taking into account our background will Channel Cross Section (pb) Table I : Background estimative for the high-order process under study.
be given by
since the background is isotropically distributed in the azimuthal angle and the efficiency on the muon measurement is about 98%. In Eq. (28), S stands for the number of events produced in the Elko decay and B denotes the number of events related to the background.
The signal is characterized by a dimuon in the final state reconstructed in a Z boson and some missing energy in the final state. Thus the irreducible SM background consists of the ZZ decaying in two muons and two neutrinos, as already studied in Ref. [19] . The background processes for the signal, considering next-to-leading order cross section are presented in Table I (see [18] ). The irreducible SM background for the signal is the ZZ process, where one of the Z bosons decays into neutrinos. Since we are interested in making an estimate of the signal, taking into account the background without defining cuts for a detailed analysis, we only consider the ZZ process, as it is much larger than the signal. In such case, the number of events for the background considering a luminosity of 2 × 10 33 cm −2 s −1 , is around 99000 events.
In order to explore the claimed angular dependence for the signal, we study the process→ Z * ςς * → 2µ4ς, which is shown in Fig. (6) . The two final muons inherits the sensibility on azimuthal angle by momentum conservation on the final states. Actually this process is nothing but that one described in Fig. (3) followed by the decay of Fig. (1) , mediated by two loops involving Higgs
particles.
An analitic expression for this process can be obtained using the equation for 1 16 spins |M RG | 2 (see Section III) and supposing the limit
One can expand the integrand, and proceed with the integration for the first term to obtain 1 16
In the limit p 3 , p 4 → 0, and with all final state energies near to the Elko mass, we obtain a lower bound to this values given by
which shall be multiplied by the the cross section obtained numerically before.
For the Elko production, on the simple decay 2µ + 2ς and fixing the coupling constant at its maximum value (λ ς = 1) as well as m ς = 0.09GeV , we have σ signal = 5.06 f b. At the LHC, for a 1 f b −1 integrated luminosity, one should obtain a ratio
around 5 (or actually one half of this value, taking account the angular asymmetry).
However as the detection of this process signature depends on the coupling constant, since under a certain value it would be required a better angular resolution in the detector to distinguish the signal from the background. For an indirect search of Elko particles via azimuthal angular asymmetry with 2µ + 4ς process, using the angular resolution for the CMS detector (∆φ ≥ ∆φ res ), m ς = 0.09 GeV and √ s = 7 T eV , the number of events decreases substantially to S = 4.4 × 10 −15
taking (29) into account. Hence, one can see that for this parameters Eq. (28) gives a result which is clearly insufficient to claim a discovery at the LHC. The process on study has actually a dependency on λ 6 ς , so the estimated minimum resolution for the λ ς = 1 × 10 −2 case, maintaining S rel ≈ 5, is ∆φ res ≈ 9.1 × 10 −11 rad. Lower values of λ ς should require a better resolution on the detector. Of course, for this rough estimate, none type of cuts was performed and a detailed study using a Monte Carlo simulation for the final state Elko momenta would be in order.
The main motivation for this analysis is the possibility of Elko detection in a range of parameters making possible to address Elko as possible dark matter candidate. We now shall look at the following question: what should be the expected missing energy in the dimuon+jet system, if Elko production is occurring taking into account the Elko non-locality? Considering the proton-proton energy as ( √ s, 0, 0, 0) in Fig. 2 we have the momentum configuration
where m 2ς (m 2µ ) is the invariant mass, for instance m 2ς = 2m 2 ς − 2 p 3 · p 4 + 2E 3 E 4 , as the sum of two momentum vectors, and β = 1 − 2
. Therefore the missing energy is
An important requirement is imposed by the minimum energy resolution for the search of missing energy on this channel. Considering the same parametrization as used for the CMS detector [18] , we suppose that the threshold for the missing energy for the signal is given by E miss = m 2µ − m 2ς √ E .
In the limit that the two elkos does not have a significant momenta, it is possible to approximate m 2µ ≈ m Z = 91.187 GeV and, then, one should to select only events with E miss > 25 GeV . This means that a detailed analysis should take into account both, angular and energy, resolutions.
VI. FINAL REMARKS
By analyzing the consequences of the unusual Elko propagator behavior, it was possible to derive a typical signature to the Elko production, namely: due to the Elko non locality, the measured decay depends on the angular cut applied, breaking therefore the angular isotropy (fully observed in all standard model processes).
We shall stress two important points: Fig. 1 may be understood as the first term of a sum involving internal Elko productions of the same type (a "cascade" of a "fork"), what means that its contribution can be improved by the sum of those graphs, faced as a finite geometric series on λ 2 ; second, it should be stressed for completeness, that another factor resulting as an unexpected asymmetry on φ (for graphs involving four Elkos coupling) arises from the inclusion of the 
